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Introduction
Urban forests are subject to various urban environmental stressors, such as soil compaction, heat island effects, and water stress. Therefore, selecting trees that can tolerate these stress conditions is critical to maintain the health of future urban forests (McPherson et al., 2017) . In California and other parts of the American West, urban forests are under increasing water stress due to consecutive years of drought. Most horticultural plant water usage data is not supported by rigorous experimentation and no theoretical method of predicting a plant species' water use has been well established (Costello and Jones, 2014: McPherson et al., 2018) . Therefore, development of theoretical models to assess tree species' suitability to urban environments can aid in future selection, maintenance, and success of urban forests.
In many places, rising frequency of drought, combined with other aspects of climate change and existing stressors imposed by the urban environment, mean increased mortality of the urban forest (McPherson et al., 2017) . Since adequate water is necessary for maintenance of hydraulic conductance and essential biochemical processes, drought is commonly determined to be a primary urban stress as well as cause of premature mortality in landscape plants (Bradshaw et al., 1995; Cameron, 2003) . For regions where drought is a major threat, it is important for the future of urban forestry to select species composition based upon performance under water stress.
Current research on future performance of urban tree species focuses on recommendations by horticulturalists based upon known characteristics and stress tolerance abilities (McPherson et al., 2018) . Physiological traits, measured by phenomena such as chlorophyll fluorescence (Ow etal., 2011) and photosystem activity (Swoczyna et al., 2015) , are also useful predictors of plants' tolerance to water stress. In addition to physiology are leaf functional traits, such as the presence of stomata and their characteristics, which influence the balance of evapotranspiration and photosynthesis in plants.
Two important stomatal characteristics are size and density, which are species specific (Casson and Gray, 2007) . The stomatal size, measured by guard cell length, and stomatal density and are generally inversely correlated within species (Beaulieu et al., 2008) . As stomatal length increases, each individual stoma occupies more leaf epidermal area, so the entire leaf epidermis can hold a less dense arrangement of stomata. Research across 101 angiosperm species strongly supports the relationship of decreasing stomatal density with increasing stomatal length and suggests that these traits may influence a species' ecological fitness (Beaulieu et al., 2008) .
A relatively dense arrangement of smaller stomata may allow for more rapid and sensitive response to changes in water availability (Hetherington and Woodward, 2003) .
In existing studies of agricultural olive trees (Olea europea L.) and wild grassland species, a higher stomatal index has sometimes resulted in greater plant success under conditions of water deprivation (Hardy et al., 1995; Bosabalidis and Kofidis, 2002; Xu and Zhou, 2008) . When cultivated under both well-irrigated and water-stressed conditions, a given cultivar of olive tree developed increased stomatal density under the water-stressed condition (Bosabalidis and Kofidis, 2002) . Another study on the grass
Leymus chinensis (Trin.) Trzvelev showed a positive relationship between stomatal density and increasing water stress (Xu and Zhou, 2008) . As water stress increased, stomatal length decreased, stomatal length increased, and water-use efficiency (WUE)
increased (Xu and Zhou, 2008) .
In wild grassland ecosystems, some species of grass utilize C 4 photosynthesis, which has higher water-use efficiency (WUE) than C 3 photosynthesis (Hardy et al., 1995) . Thus, C 4 photosynthesis is indicative of higher water stress tolerance, and studies have shown that C 4 grass species have higher stomatal densities than C 3 grass species found in similar habitat (Hardy et al., 1995) . However, few trees utilize C 4 photosynthesis, other than a few species of Euphorbia (Sage, 2014) which are not common Californian urban tree species, so C 4 photosynthesis is not considered any further.
The distribution of stomata on both leaf surfaces also influences a plant's rate of photosynthesis and water loss. Hypostomaty, the possession of stomata on only the abaxial (lower) surface of leaves is considered an ancestral trait in plants (Mott et al., 1982) . Amphistomaty, the development on stomata on both abaxial and adaxial (upper) leaf surfaces is a derived trait that may be related to environmental conditions (Parkhurst, 1978; Mott et al., 1982) . Amphistomatous species are more likely than hypostomatous species to exist in xeric environments with abundant radiation where carbon diffusion is the sole limiting factor of photosynthesis (Parkhurst, 1978; Mott et al., 1982) .
Amphistomaty is also positively correlated with leaf thickness, possibly because thicker mesophyll tissue requires stomata on both leaf surfaces for adequate gas diffusion (Mott et al., 1982) . Studies in Mediterranean plants (Rhizopoulou and Psaras, 2003; Yiotis et al., 2006) and American Southwest plants show correlation between amphistomaty and leaf thickness, measured by leaf mass per area (LMA).
Research on the relationship between amphistomaty and drought tolerance is lacking, but there are speculative explanations for the observed amphistomaty in xeric plant species.
Since xeric environments are associated with having greater exposure to light, it may be advantageous for species in these environments to develop amphistomaty if carbon diffusion is the only limiting factor to photosynthesis. Although a plant can increase size or density of stomata on the abaxial leaf surface, increasing stomatal density may eventually decrease the efficiency of carbon diffusion into the leaf, making adaxial stomata more advantageous. It may appear that if amphistomatous leaves have higher leaf conductance, then they will require more water to account for increased evapotranspiration. However, it is unnecessary for a plant with high leaf conductance to maintain maximum conductance and the plant can do so only when environmental conditions favor and allow for higher photosynthetic activity and higher water loss (Parkhurst, 1978; Mott et al., 1982) .
Amphistomaty may also be related to leaf thickness because having only abaxial stomata would result in less intercellular diffusion throughout the thick mesophyll tissue (Mott et al., 1982) . Studies in Mediterranean plants (Rhizopoulou and Psaras, 2003; Yiotis et al., 2006) and American Southwest plants show correlation between amphistomaty and leaf thickness, measured by leaf mass per area (LMA). There is a slight trend towards amphistomaty with increasing leaf thickness (Mott et al., 1982) .
LMA, or the inverse of specific leaf area (SLA), is also a common measurement used to analyze leaf morphology. It has long been established that a higher LMA is related to denser leaf tissue and thicker cuticles or epidermal layers (Beaulieu et al., 2008) . Denser leaf tissue results in less intercellular air space from which water can evaporate. The presence of thick, waxy cuticles on leaf surfaces also decreases evaporation rates, helping a plant adapt to drier conditions. Species from warmer, xeric environments frequently possess denser leaf tissue and thicker cuticles, hence a higher LMA, than those from cooler, mesic environments (Parkhurst, 1978) . A global survey of species' LMA shows that higher temperatures and lower rainfalls are associated with higher LMA (Wright et al., 2004) . A combination of certain LMA values and stomatal traits may reflect a species' pre-adaptation to a given environment.
Plant adaptation to an environment and ability to thrive often depends on water requirements, but existing studies on water requirements of specific landscape plants is lacking (Niu et al., 2006) . Although precise irrigation models exist for many agricultural plants, the same has not been as widely developed for landscape ornamentals, partly due to high species diversity and mixed plantings (Beeson, 2005; Nouri et al., 2013) . The
University of California Cooperative Extension has compiled the irrigation water needs of 3,546 landscape species through consultation with the state's leading horticulturalists.
The information is publicly available in the Water Use Classification of Landscape Plants (Costello and Jones, 2014) and is used for the purpose of analyzing urban tree water requirements in this study. Other sources of landscape plant requirements are available, including gardening books, instructional guides, and horticultural journals. However, most of these sources provide information based upon existing experience in cultivation of traditionally popular or otherwise common landscape plants. A method for determining an unfamiliar species' response to environmental stressor remains to be developed.
Urban areas are manufactured landscapes with a unique ecosystem that poses challenging conditions for many plants. Landscape plants are frequently selected for aesthetic purposes, and environmental suitability is a secondary concern. To maintain the success of urban plants and forests and to ensure their continued delivery of ecosystem services, the selection of appropriate species is a mandatory step. Improved understanding of plant physiology offers the opportunity to predict an unfamiliar species' suitability to a given habitat, eliminating the dependence on empirical evidence and restriction to familiar species.
The objective of this study is to assess relationships between leaf functional traits and species water usage to determine if a model can be created to predict water use of unfamiliar tree species. Functional traits, including stomatal length, stomatal density, and LMA, were sampled from seventy of the most common California urban tree species.
Other potential explanations of species water usage, such as amphistomaty and phylogenetics, are also explored. The ability to appropriately select species suitable to urban landscapes is necessary for urban foresters, arborists, horticulturalists, and city planners to successfully establish healthy urban forests.
CHAPTER 2
Methods

Species Selection and Leaf Collection
Tree species were selected from California's most common urban street trees (Ritter, 2011) , with the focus on angiosperms and other broad-leaved species. Since many gymnosperms have leaves unsuitable for the protocol used on stomatal measurements, most gymnosperm species were omitted. A total of 70 species were sampled, with two gymnosperms and 68 angiosperms. Altogether, the 70 species represented 61 genera and 30 families. This epidermal peel sampling method worked best for broad, glabrous leaves. The usage of adhesive tape removed trichomes from leaves of certain species (e.g. Magnolia grandiflora L.), enabling production of clean epidermal peels with visible stomata. Some species with pubescent leaves (e.g. Grevillea robusta, Olea europea, Quercus suber)absorbed the applied nail varnish, could not be cleaned with adhesive tape, and failed to deliver usable epidermal peels and were thus, eliminated from this study. Future studies should strive to include these species with other sampling methods to provide an even more comprehensive analysis of California's urban trees.
Leaf mass per area (LMA) was obtained by hole-punching 10 leaf discs over three individual trees per species. Leaf discs ranged from 3.5 -18 mm in diameter, depending on the species, and excluded the mid vein when possible. Leaf discs were dried at 52°C for one week then weighed. Average LMA per species was calculated by dividing dry leaf mass over fresh leaf area for each leaf disc.
Water Usage and Phylogenetics
Water usage data was retrieved from the Water Use Classification of Landscape Species (WUCOLS) (Costello and Jones, 2014) Central Coast) as all trees were sampled from sites in this region. Because there are very few tree species included in this study that have very low or high water needs (less than 10 species), high water use species were reassigned to medium usage and very low water use species were reassigned to low water use. This helps the statistical analysis but may obscure details in the conclusions and increase variation within each water usage group.
Data Analysis
Trait Analysis
Pairwise trait comparisons between stomatal length, stomatal density, and LMA were analyzed with Pearson's product-moment correlation. No assumptions are made in terms of independent and dependent variables as all data result from observational measurements. The arrangement of variables on graph axes does not indicate independence or dependence but rather, is arbitrary or based upon the questions asked.
To test for significant trait differences between low and medium water use tree species, Welch's t-test was utilized as sample sizes are roughly equal but variance is not. Upon closer data inspection, a relationship between stomatal distribution (amphistomatous vs. hypostomatous) and water usage (low vs. medium) was observed, so a chi-square test for independence was performed to assess the significance of the relationship between the two variables. All tests were conducted at alpha levels of 0.05.
Predictive Model
One objective of this study is to create a model for predicting tree species water use based upon functional traits, so a model was created with logistic regression. Logistic regression predicts the probability of a binary dependent variable as explained by one or more independent variables. In this study, the sole significant independent variable, LMA, as shown by t-test results, was used to predict the probability of a tree species to have low water usage.
Phylogenetic Analysis
A phylogenetic tree of all 70 tree species was created (Phylomatic v3) onto which functional traits and water usage were hand-mapped in Interactive Tree of Life (iTOL v4) (developed by Letunic and Bork, 2019) to aid visual comprehension of data distribution.
The phylogenetic tree was also used for independent contrasts using the APE (Paradis and Schliep, 2018) and GEIGER (Harmon et al., 2008) packages in R (R Core Team, 2018). Independent contrasts account for the non-independence of species in analysis for significant correlated trait evolution. Consideration of phylogeny allows for accurate conclusions on whether existing traits are results of phylogenetic inertia or responses to natural selection (Felsenstein, 1985) .
CHAPTER 3
Results
Leaf Functional Traits and Water Usage across Species
A total of 70 species were sampled and measured for mean stomatal length, mean stomatal density, and mean LMA (Fig. 3) . Sixteen species were amphistomatous and 54 species were hypostomatous. Stomata of amphistomatous species were similar in length and density on both adaxial and abaxial surfaces (Figure 4 ). For the following analyses, abaxial stomata were used for all species unless otherwise noted.
Two species from the Myrtaceae had the highest mean stomatal length (Metrosideros excelsa Sol. ex Gaertn., Eucalyptus globulus Labill.), and one species in the same family had lowest mean stomatal length (Melaleuca linariifolia Sm.). Five out of the 10 species with the lowest mean stomatal length are represented by species in the Sapindaceae (Koelreuteria bipinnata Franch., Acer palmatum Thunb., K. elegans (Seem.) A.C.Sm., K. paniculata Laxm., Aesculus californica (Spach) Nutt.) (Fig. 3) .
As predicted by the negative correlation between stomatal length and stomatal density (Beaulieu et al., 2008) , species with higher mean stomatal lengths are generally associated with lower stomatal densities and vice versa. The species with some of the lowest mean stomatal lengths (Melaleuca linariifolia, Koelreuteria bipinnata, Acer palmatum, K. elegans) are amongst the top five species with the highest stomatal density.
Species with very high mean stomatal lengths (Metrosideros excelsa, Eucalyptus
globulus) are in the low end of the mean stomatal density distribution (Fig. 3) .
Eight of the 12 species with the highest mean LMA are from the Myrtaceae. Species with higher mean LMA also tend to have lower water usage (e.g. Phoenix canariensis Hort. ex Chabaud, Metrosideros excelsa, Eucalyptus globulus, Ceratonia siliqua L.), with the exception of Aesculus californica, which has the lowest mean LMA out of all species sampled (Fig. 3) .
Species water usage (low vs. medium) tends to be the same within each clade, such as low water usage for most members of the Myrtaceae and medium water usage for all members of the Rosaceae (Fig. 3) . Foliar longevity (deciduous vs. evergreen) is more varied within clades than water usage (Fig. 3) but may further explain differences in species water usage in addition to leaf functional traits. #/mm 2 ), and mean LMA (g/m 2 )). Values for leaf functional traits appear randomly distributed within clades, but water usage tends to be the same within each clade. Some correlation may exist between water usage and foliar longevity. 
Correlations between Leaf Functional Traits
Three pairwise relationships of leaf functional traits were analyzed. Correlation supports existing research (Beaulieu et al., 2008 ) that mean stomatal length and density are significantly negatively correlated (r=0.597, P<0.0001) (Fig. 5) , and this is the strongest correlation among all pairwise comparisons. Mean LMA slightly increases with increasing mean stomatal length, but the correlation is less significant (r=0.303, (Fig. 6 ). There is a significant negative correlation between mean LMA and mean stomatal density (r=0.277, P=0.0200) (Fig. 7) . 
P=0.0103)
Comparison by Water Usage
All species sampled were divided into low water usage (n=30) and medium water usage groups, and mean stomatal density is slightly, but insignificantly, higher in the medium water usage group (Fig. 8 ). Mean LMA is significantly different between the two groups, with low water usage trees having an average LMA 12.3-65.6 g/m 2 greater than medium water usage trees (Fig. 8) .
Figure 8. Comparisons of Various Leaf Morphological Traits of Trees with Low (n = 30) and Medium (n = 40) Water Usage.
Error bars show standard error. Fig. 8A . Average stomatal lengths are very similar for the two water usage groups and show no significant difference (t = -0.401, P = 0.690). Fig. 8B . Average stomatal density is slightly higher in medium water usage trees, but statistical analysis shows no significant difference (t = -1.34,P = 0.185). Fig. 8C . Average LMA is significantly higher in low water usage trees compared to medium water usage trees (t = 2.94, P = 0.00450). * denotes statistical significance. based upon leaf functional traits. Results showed that only average LMA is significant and should be included in the model, as can be expected from the conclusions of the previous t-tests (Fig. 8) , and produce the following predictive equation:
log odds water usage (Low/Medium) = -1.94 + 0.0129(mean LMA)
Since we sampled species for the presence of stomata on both adaxial and abaxial surfaces, we conducted an analysis to examine if stomatal distribution on both leaf surfaces is related to water usage. Results show that amphistomatous species are more likely than hypostomatous species to be low water usage (Fig. 9 ). 
Phylogenetic Analysis
As previously demonstrated, relationships between all functional traits are significant, and they remain significant after incorporating phylogenetic relationships with the exception of mean stomatal density and mean LMA (Table 1) . A simple correlation between the two traits is significant (r = -0.278, P = 0.0200), but significance is lost with independent contrasts (r = -0.0701, P = 0.567) ( Table 1 ). Each pairwise relationship between functional trait and water usage was not significant other than the significant correlation between mean LMA and water usage (r = -0.336, P = 0.00449) (Table 1) .
However, accounting for phylogenetic relationships results loss of the significant relationship between the two traits (r = -0.134, P = 0.273) ( Table 1) . 
Discussion
Pairwise Trait Comparisons
The results from pairwise trait correlations provide predictive relationships between leaf functional traits that may be useful in-field characteristics. Especially noteworthy is the significant negative correlation between mean stomatal length and density (Fig 6) , as predicted by previous research (Beaulieu et al., 2008) . It is intuitive that as stomatal length increases, the number of stomata that can be supported per unit surface area decreases. The original hypothesis that species with denser arrangements of smaller stomata have lower water usage (Hetherington and Woodward, 2003) is not supported by results of this study. There is no statistically significant difference in stomatal length between low and medium water use species (Fig. 8) , and stomatal density is insignificantly higher in medium water use species (Fig. 8) , contradictory to initial expectations.
The positive relationship between mean stomatal length and mean LMA, although significant, is relatively weak as the data are highly scattered (Fig 6) . In regards to mean stomatal density and mean LMA, the latter trait is widespread for species with mean stomatal densities of 600 stomata/mm 2 or fewer (Fig 7) . However, a few species appear to drive the significant negative correlation between mean stomatal density and mean LMA, as shown by the three species with mean stomatal densities above 700 stomata/mm 2 and with relatively low LMA's of about 75 g/m 2 (Fig 7) . All three of these species are members of the Sapindaceae, and further phylogenetic clusters may exist within this trend. Application of logistic regression to predict water usage based upon LMA produced a model with low predictive power.The model's predictive power is too low for practical applications, and further research is needed to produce a more accurate and useful model.
Phylogenetics
Upon incorporation of phylogenetic relationships, significance in the relationship between mean stomatal density and mean LMA was lost ( Table 1 negative correlation between stomatal density and LMA is observed. In the Sapindales, apart from a single species (Geijera parviflora Lindl.) with low mean stomatal density and high LMA, all species have relatively tightly clustered LMA values but a wide range of stomatal densities. (Fig. 10 ). These observations may provide insight into the loss of significance after incorporation of phylogenetics. Basal divergences may also be causing the observed correlations between LMA and water usage (Table 1) , rather than response to environmental factors. Most members of the Arecales, Fabales, and Myrtales have low water usage regardless of LMA (Fig. 3) . On the other hand, most if not all members of the Fagales, Lamiales, Magnoliids, and Rosales have medium water usage regardless of LMA (Fig. 3) .
Stomatal Distribution on Both Leaf Surfaces
Phylogenetics provides some predictive capability of species' water usage, but stomatal distribution may be a morphological predictive tool. Fifteen out of the 70 species sampled Order/Super Order are amphistomatous, and statistical analysis concludes that amphistomatous species are more likely to be low water usage compared to hypostomatous species (Fig. 9 ). These were unanticipated results, but may provide a morphological clue on species' drought tolerance. Previous studies suggest that amphistomaty is derived from the ancestral trait of hypostomaty and is more likely in xeric than in mesic environments (Parkhurst, 1978) .
It is suggested that amphistomaty is advantageous in xeric, high-light environments where carbon diffusion is the only limiting factor to photosynthesis (Mott et al., 1982) .
Amphistomaty may also be related to leaf thickness because having only abaxial stomata would result in less intercellular diffusion throughout the thick mesophyll tissue (Mott et al., 1982) . Past studies in Mediterranean plants (Rhizopoulou and Psaras, 2003) and American Southwest plants (Yiotis et al., 2006) show a trend towards amphistomaty with increasing LMA. Analysis of the 70 tree species sampled in this study supports the aforesaid research with amphistomatous species having a significantly higher mean LMA than hypostomatous species (t = 12.231, P< 0.0001) (Fig. 11) . A global study on more than 2,000 plant species showed that species with a higher LMA are more likely to be found in warm, xeric environments (Wright et al., 2004) . Thus, if a higher LMA is associated with amphistomaty and warm, xeric conditions, than amphistomaty should be also associated with the same climatic conditions. 
Other Explanations for Differences in Water Usage
LMA, phylogenetic relationships, and amphistomaty can partially explain differences in water usage for tree species, but many potential factors still exist and remain to be explored. One factor commonly observed in all tree species is leaf longevity, often broadly categorized as evergreen or deciduous. Based upon observations in the 70 sampled species (Fig. 3) , there is reason to expect that leaf longevity may be related to water usage. It must be brought to attention that deciduous refers to both winter and summer deciduous (Aesculus californica), with the latter being more drought adapted.
Otherwise, it appears that deciduous species are more likely to be of medium than low water usage. Statistical comparisons of water usage for evergreen and winter deciduous species lack significant results (Yate's chi-square = 2.19, P = 0.139) (Fig. 12) , so leaf longevity alone cannot explain variation in water usage. (Fig. 3) . Most species native to Northern temperate regions (e.g. Alnus rhombifolia Mill., Fraxinus velutina L., Prunus serrulata Lindl.) are deciduous and have medium water usage (Fig. 3) . 
Conclusion & Recommendations
In conclusion, LMA is significantly higher for low than medium water usage tree species in California's urban forests. However, usage of LMA to predict water usage for an unfamiliar tree species should be approached with caution as underlying phylogenetic relationships have a greater impact on water usage. It is somewhat surprising that stomatal length and density aren't significantly associated with water usage as suggested by previous studies (Hetherington and Woodward, 2003) , but the result showing strong, negative correlation between these two traits supports existing research (Beaulieu et al., 2008) . Amphistomaty is more likely to be observed in high LMA and low water use species, and may provide a useful diagnostic tool in the field. Broader observations of leaf longevity and species native ranges should not be ignored when considering species water use requirements.
The methods of this study limit conclusions to mature tree species in North and Central coastal California. A more wide-ranging study would sample species from all six WUCOLS regions of California, and can demonstrate whether or not the same results remain consistent from one geographical region to another. Furthermore, many tree species were excluded from the study due to technical difficulties in making epidermal peels to analyze stomata. Future research should aim to include these species, such as gymnosperms and pubescent-leaved trees, to produce more comprehensive results. This would also increase the number of water usage groups to include very low and high water usage for a total of four categories, which may provide a better fitting model. This study also assumes no seasonal and geographic variation in leaf functional traits (after Casson and Gray, 2008) , but some traits (e.g. LMA) may vary slightly as leaves transition from dormancy to full maturity.
A combination of LMA, phylogenetic relationships, stomatal distribution, and foliar longevity should be considered when speculating on the water usage of tree species.
Based upon findings in this study, candidates for low water landscapes are species from the Anacardiaceae, Arecaceae, Fabaceae, and Myrtaceae. Many of these species possess amphistomaty and evergreen leaves, in addition to originating from warmer, more xeric environments. The combination of these traits and the expected management routine will influence tree species establishment and success under long-term low water conditions. APPENDIX A. STUDY DATA 
